''Of these proteins, COH1ORF01523 corresponds to adhesin Spb1, a serotype III-specific protein implicated in adhesion and invasion of epithelial cells (26) , whereas the other two (COH1ORF01521 and COH1ORF01524) are similar to a fimbrial subunit and to internalin A of Listeria monocytogenes, respectively. Another region shared by strain H36B and S. pneumoniae contains an ␣-galactosidase (H36BORF00495) and a system for transport and metabolism of sugar that may allow H36B to degrade and transport host ␣-galactosides.''
The sentences should read as follows:
''Of these proteins, SAN1518 corresponds to adhesin Spb1, a serotype III-specific protein implicated in adhesion and invasion of epithelial cells (26) , whereas the other two (SAN1516 and SAN1519) are similar to a fimbrial subunit and to internalin A of Listeria monocytogenes, respectively. Another region shared by strain H36B and S. pneumoniae contains an ␣-galactosidase (SAI0496) and a system for transport and metabolism of sugar that may allow H36B to degrade and transport host ␣-galactosides. '' In addition, the second sentence of the last paragraph of that same section, ''For example, type Ib isolate H36B contains a 41-kb prophage element (H36BORF00576-H36BORF00630) that displays strong mosaicism and contains a protein (H36BORF00630) similar to the S. pyogenes phage-associated pyrogenic exotoxin C,'' should read: ''For example, type Ib isolate H36B contains a 41-kb prophage element (SAI0571-SAI0626) that displays strong mosaicism and contains a protein (SAI0626) similar to the S. pyogenes phage-associated pyrogenic exotoxin C.'' These changes do not alter the conclusions of the article. The development of efficient and inexpensive genome sequencing methods has revolutionized the study of human bacterial pathogens and improved vaccine design. Unfortunately, the sequence of a single genome does not reflect how genetic variability drives pathogenesis within a bacterial species and also limits genomewide screens for vaccine candidates or for antimicrobial targets. We have generated the genomic sequence of six strains representing the five major disease-causing serotypes of Streptococcus agalactiae, the main cause of neonatal infection in humans. Analysis of these genomes and those available in databases showed that the S. agalactiae species can be described by a pan-genome consisting of a core genome shared by all isolates, accounting for Ϸ80% of any single genome, plus a dispensable genome consisting of partially shared and strain-specific genes. Mathematical extrapolation of the data suggests that the gene reservoir available for inclusion in the S. agalactiae pan-genome is vast and that unique genes will continue to be identified even after sequencing hundreds of genomes.
bacterial species ͉ comparative genomics ͉ group B Streptococcus T he most recent definition of a bacterial species comes from the pregenomic era. In 1987, it was proposed (1) that bacterial strains showing Ͼ70% DNA⅐DNA reassociation and sharing characteristic phenotypic traits should be considered to be strains of the same species. Today, this classical definition is being challenged by an increasing amount of genomic information, which, in theory, can more precisely describe bacterial species. Thus far, the genome sequence of one or two strains for each species has provided unprecedented information; however, the question of how many genomes are necessary to fully describe a bacterial species has yet to be asked. We have addressed this question by sequencing the genome of strains of each of the major pathogenic serotypes of Streptococcus agalactiae [group B Streptococcus (GBS)].
S. agalactiae is a leading cause of illness or death among newborn infants (2) and an emerging cause of invasive infection in the elderly (3, 4) . Nine distinct capsular serotypes of GBS have been described; however, the major disease-causing isolates in the United States and Europe belong to only five serotypes: Ia, Ib, II, III, and V (5). Recently, the complete nucleotide sequences of a serotype III and a serotype V GBS isolate were reported (6, 7) . To fully explore gene variability within the GBS species, we determined the complete genome sequence of the type Ia strain A909 and draft genome sequences (8ϫ sequence coverage) of five additional strains, representing the five major serotypes. Comparative analysis of the six newly sequenced genomes and the two genomes already available in the databases suggests that a bacterial species can be described by its ''pan-genome'' (pan, from the Greek word ␣, meaning whole), which includes a core genome containing genes present in all strains and a dispensable genome composed of genes absent from one or more strains and genes that are unique to each strain. Surprisingly, unique genes were still detected after eight genomes were sequenced, and mathematical extrapolation predicts that new genes will still be found after sequencing many more strains. Thus, the genomes of multiple, independent isolates are required to understand the global complexity of bacterial species. Analysis of multiple GBS genomes was found to be instrumental for the development of vaccines (8) and for the functional characterization of important genetic determinants (9) . Sequencing, Annotation, and Unfinished Genomes. Genome sequences were generated by the whole-genome shotgun sequencing approach (13, 14) . Draft genomes were sequenced to 8ϫ- sequence coverage, and the sequences were assembled by using the Celera Assembler (Celera Genomics, Rockville, MD) (15) . Contigs were ordered and oriented according to their alignment to strain 2603V͞R by using PROMER (16) . Ordered matching contigs were pasted together into a pseudochromosome, and nonmatching contigs were tacked on the end in random order. In the pseudochromosome, contigs were separated by the sequence NNNNNCATTCCATTCATTAATTAATTAATG-AATGAATGNNNNN, which (i) generates a stop codon in all six reading frames so that no gene is predicted across junctions and (ii) provides a start site in all frames, pointing toward contigs to predict incomplete genes at their extremities. ORFs were predicted and annotated by using an automated pipeline that combines GLIMMER gene prediction (17, 18) , ORF and non-ORF feature identification, and assignment of functional role categories to genes (14) . Assembly of strain 18RS21 resulted in a higher number of contigs than for the other unfinished genomes, leading to the prediction of Ͼ3,500 genes. Many small contigs did not harbor protein-coding genes, and several were fragments of rRNAs or coded for tRNAs or structural RNAs. (20); and (iii) a translated protein search of all of the predicted proteins of a strain against the complete DNA sequence of the other strain, by using the TFASTY program (version 3.4) (20) . A gene was considered conserved if at least one of these three methods produced an alignment with a minimum of 50% sequence conservation over 50% of the protein͞gene length.
Materials and Methods
Core-Genome and Pan-Genome Extrapolation. The number of genes shared by all GBS isolates and the number of strain-specific genes depend on how many strains are taken into account. The sequential inclusion of up to eight strains was simulated in all possible combinations. The number (N) of independent measurements of the shared (see Fig. 2 ) and strain-specific genes (see Fig. 3 ) present in the nth genome is
The size of the species core genome and the number of strainspecific genes for a large number of sequenced strains were extrapolated by fitting the exponential decaying functions F c ϭ c exp[Ϫn͞ c ] ϩ ⍀ and F s ϭ s exp[Ϫn͞ s ] ϩ tg(), respectively, to the amount of conserved genes (see Fig. 2 ) and of strainspecific genes (see Fig. 3 ), where n is the number of sequenced strains and c , s , c , s , ⍀, and tg() are free parameters. tg() represents the extrapolated rate of growth of the pan-genome size, P(n), as a greater number of independent GBS strain sequences become available, i.e.,
The Inset of Fig. 3 displays the measured size of the pan-genome as a function of n [in this case, N ϭ 8!͞(8 Ϫ n)!; points are obtained for each value of n] together with a plot of the calculated P(n) (see Supporting Text, which is published as supporting information on the PNAS web site).
Synteny. Paralog clusters in each genome were generated by using the Jaccard algorithm (21), with Ն80% identity, and a Jaccard coefficient Ն0.6. Members of paralog clusters were then organized into ortholog clusters by allowing any member of a paralog cluster to contribute to the reciprocal best matches used to construct the ortholog clusters. Syntenic blocks are defined as a set of five or more consecutive pairs of genes from the same ortholog cluster. Because they do not participate in clusters, all contigs that do not contain protein-coding genes from the five draft genomes were searched against all genomes by using the NUCMER program (16) . Syntenic blocks and NUCMER results were drawn ( Fig. 1 ) by using SYBIL (http:͞͞sybil.sourceforge.net͞).
In Fig. 1 , genomic islands of diversity Ͼ5 kb are predicted as follows: (i) strains are inspected from the top panel and down and from left to right on each panel; (ii) regions of at least 1 kb not shared with another strain are identified; (iii) regions are merged into single islands if they are within 5 kb of each other; and (iv) resulting islands Ͼ5 kb are considered. It should be noted that some islands are composed of more than one contig. Genomic islands discussed in the text are the following: the ␣-galactosidase region in strain H36B, island 7.4; the prophage region in strain H36B, island 7.5; the DNA restriction͞ modification system in strain 515, part of island 4.5; the Tn916 regions in strains 2603V͞R, 515, CJB111, and COH1, islands 1.8 and the left side of 5.3; and serine-rich protein and glycosyltransferases flanked by cell-wall-anchored proteins and sortases in strain COH1, unnumbered region between islands 6.5 and 1.15. Fig. 1 reveals many non-protein-coding regions in strain 18RS21 that display NUCMER matches elsewhere in the 18RS21 genome. Most of these regions correspond to fragments of rRNAs, tRNAs, or structural RNAs, all of which exhibit an expected atypical nucleotide composition.
2 Analysis. Regions of atypical nucleotide composition were identified by the 2 analysis; the distribution of all 64 trinucleotides (3mers) was computed for the complete genome in all six reading frames, followed by the 3mer distribution in 5,000-bp windows. Windows overlapped by 500 bp. For each window, the 2 statistic on the difference between its 3mer content and that of the whole genome was computed. Peaks in Fig. 1 indicate regions of atypical nucleotide composition.
Results
General Features of GBS Genomes. Draft genome sequences (8ϫ coverage) were obtained for strains 515, H36B, 18RS21, COH1, and CJB111, belonging, respectively, to serotypes Ia, Ib, II, III, and V, which are responsible for Ͼ90% of human infections in the United States. The full genome sequence was obtained for strain A909 of serotype Ia. With the exception of NEM316 and 515, both belonging to ST23, the other isolates also belong to different sequence types, as determined from recent multilocus sequence typing (MLST) studies (22) and likely represent the genetic diversity of the GBS species (see Table 1 , which is published as supporting information on the PNAS web site). The six newly sequenced genomes and the genomes of strains 2603V͞R and NEM316 already available in the databases were used for subsequent analysis. The eight strains revealed similar genome sizes and a similar number of predicted genes. The entire nucleotide sequences (pseudochromosomes) from all of the GBS strains were compared in all possible pairwise combinations with NUCMER. The overall percent identity between pairs ranged from 85% to 95%, with no particular bias between coding and noncoding regions. Fig. 1 summarizes the information derived from the comparison of the eight genomes. The isolates share a high degree of gene synteny interrupted by 69 genomic islands that are absent in at least one of the genomes (see Table 2 , which is published as supporting information on the PNAS web site). Some of the genomic islands are characterized by an atypical nucleotide composition, suggesting possible acquisition by lateral exchange. Gene comparisons indicate that orthologs are highly conserved. Of the genes that have orthologs in each of the sequenced strains, 95% display sequence identity Ͼ90%.
GBS Core Genome. To estimate the number of genes present in every GBS strain (core genome), the number of shared genes found on sequential addition of each new genome sequence was extrapolated by fitting an exponential decaying function to the data (Fig. 2) . The results of all permutations of the order of addition for each of the eight genomes are shown. As expected, the number of shared genes initially decreased with addition of each new sequence. Nevertheless, extrapolation of the curve indicates that the core genome reaches a minimum of 1,806 genes (95% confidence interval ϭ 1,750-1,841) and will remain relatively constant, even as many more genomes are added (see Tables 3 and 4 , which are published as supporting information on the PNAS web site). The actual number of shared genes in each genome varies because of duplicated genes and paralogs.
The GBS Pan-Genome Concept. To determine the global gene repertoire of the GBS bacterial species (GBS pan-genome), the number of new genes added by each genomic sequence was estimated (Fig. 3) . As with the shared genes, the plot of the numbers of new genes was well fitted by a decaying exponential. The average number of new genes added by a novel sequence was 161 when a second genome was added, and this number decreased to 54 after five genomes; but, even the eighth genome continued to add new genes. Remarkably, the extrapolated curve reaches a nonzero asymptotic value of 33 new genes (95% confidence interval ϭ 22-42) with increasing numbers of genomes (see Tables 5 and 6 , which are published as supporting information on the PNAS web site). In other words, the model predicts that for every new GBS genome sequenced, an average of 33 new strain-specific genes will . Each genome (shaded strain name) is colored with a gradient that ranges from yellow (nucleotide 1) to blue (end). Differences in color between a reference sequence (the last colored line in each genome) and the other genomes indicate conserved protein-coding regions that have been rearranged. Uncolored segments denote coding regions in which no conserved genes were detected. NUCMER matches for contigs that do not contain protein-coding genes are displayed by red blocks (matches within the reference strain are displayed on the line directly above it). Genomic islands of diversity are boxed and numbered ''x.y,'' where x is the panel or strain number where the island first appeared and y is the island location in that genome from left to right. A ϩ indicates an island that was not identified in a previous genome. Islands that overlap by at least 50% (based on the number of shared genes) with previously identified islands receive the same number as the initial island. The gene content of the 69 islands identified is listed in Table 2 , which is published as supporting information on the PNAS web site. Strain-specific regions, free of COG or NUCMER matches, are displayed in black at the bottom of each panel. Portions of these regions that harbor protein-coding genes are indicated in gray below the black blocks. The curves on top of each panel represent the nucleotide composition ( 2 analysis) (see Materials and Methods) of the reference strain of the panel, and peaks indicate regions of atypical composition.
be identified and added to the pan-genome. Although the confidence interval is rather large, the probability that this average number would be zero is smaller than 6 ϫ 10 Ϫ4 . This finding suggests that the GBS pan-genome is open and that its size grows with the number of independent strains sequenced (Fig. 3 Inset) . To verify whether an open pan-genome model is unique to GBS, we repeated the analysis by using the complete sequence of five strains of Streptococcus pyogenes [group A Streptococcus (GAS)] and eight strains of Bacillus anthracis, which are known to have different levels of genomic diversity (data not shown). As in the case of GBS, each additional GAS genome added an average of 27 new genes to the pool, leading to an open pan-genome. In the case of B. anthracis, the number of specific genes added to the pan-genome dropped to zero after the addition of a fourth strain. This result probably reflects the fact that B. anthracis is a highly clonal, recently evolved species in which genome variability is associated only with virulence plasmids (23, 24) . Alternatively, the sequenced strains may belong to the same evolutionary clade and may not adequately represent the B. anthracis species.
Genome Diversity Is Independent of Capsular Serotype. Convenient phenotypic traits, such as agglutination by specific antisera against the capsular polysaccharide surrounding bacterial cells, have been widely used to classify bacteria within the same species, and this information has been used for epidemiology, vaccine design, and therapy. Recently, MLST analysis based on fragments of seven conserved core genes indicated that the GBS serotype does not fully correlate with actual evolutionary relationships (7, 25) . To characterize the genetic relationship between the eight genomes of GBS isolates, a dendrogram was drawn according to the distribution of genes across the strains (Fig. 4) . Among the genomes compared, two belong to serotype Ia (515 and A909), two are serotype III (NEM316 and COH1), and two are serotype V (2603 and CJB111). Furthermore, strains 515 and NEM316 belong to the same ST type (ST23). Comparative analysis of the strains' gene content (see Table  7 , which is published as supporting information on the PNAS web site) showed that strains of different serotypes and different MLST type often share a higher number of genes than strains of the same serotype, resulting in a serotype-independent clustering of the eight strains. In support of this conclusion, global genome comparisons at the nucleotide level indicate that strains from two different but related serotypes, type Ia strain 515 and type Ib strain H36B, were the least conserved, with 85% identity over 90% of the genome, whereas the two most conserved strains, 2603V͞R and COH1 (95% identity over 96% of the genome), belong to two distinct serotypes (type V and III, respectively) and to two different MLST types.
Functional Classification of the Core and Dispensable Genes. Genes belonging to core and dispensable genomes have been classified according to their predicted functional role (see Fig. 5 , which is published as supporting information on the PNAS web site). As expected, the vast majority of genes making up the core genome belong to the groups of housekeeping functions, the cell envelope, regulatory functions, and transport and binding proteins. About one-third of the shared genes fall into the class of hypothetical proteins and proteins of unknown function, however, suggesting that many aspects of basic GBS biology still need to be explored. Although genes associated with housekeeping functions are also found within the dispensable genome, they are not as well represented there, whereas hypothetical genes and genes of unknown function represent the vast majority of the dispensable genome. Furthermore, genes associated with mobile and extrachromosomal elements are particularly abundant in this group, supporting the hypothesis that the majority of specific traits depend on lateral gene transfer events. Nevertheless, this class of genes is poorly represented within the core genome, indicating that only a few rearrangements have remained stable during the evolution of GBS.
Origin of Genomic Islands and Strain-Specific Genes. The eight sequenced GBS genomes revealed 358 genes found only in a single strain. Of these genes, 137 belong to NEM316, 61 to H36B, 47 to 2603V͞R, 35 to COH1, 31 to 515, 20 to CJB111, 14 to A909, and 13 to 18RS21 (see Table 8 , which is published as supporting information on the PNAS web site). Many of the strain-specific genes are in genomic islands, which, although they do not have the classical features of pathogenicity islands, are often flanked by insertion elements and display an atypical nucleotide composition, suggesting possible acquisition through horizontal transfer (Fig. 1) . Acquisition of traits from other pathogens may contribute to the virulence of GBS strains. For example, a strain-specific locus in type III strain COH1, encoding the preprotein translocase SecA and SecY subunits, three glycosyltransferases, and a highly repetitive Ser-rich cell-wall-anchored protein, displays remarkable similarity to a genomic island present in Streptococcus pneumoniae TIGR4 (SP1757-SP1772). A second COH1-specific island encodes sortases and three cell-wall-anchored proteins. Of these proteins, COH1ORF01523 corresponds to adhesin Spb1, a serotype IIIspecific protein implicated in adhesion and invasion of epithelial cells (26) , whereas the other two (COH1ORF01521 and COH1ORF01524) are similar to a fimbrial subunit and to internalin A of Listeria monocytogenes, respectively. Another region shared by strain H36B and S. pneumoniae contains an ␣-galactosidase (H36BORF00495) and a system for transport and metabolism of sugar that may allow H36B to degrade and transport host ␣-galactosides.
As in the case of S. pyogenes, phage-associated genes account for 10% of all strain-specific genes in GBS. For example, type Ib isolate H36B contains a 41-kb prophage element (H36BORF00576-H36BORF00630) that displays strong mosaicism and contains a protein (H36BORF00630) similar to the S. pyogenes phageassociated pyrogenic exotoxin C. Homology searches revealed that, besides the streptococci, other more distant species are involved in exchanging genetic material with GBS strains. One intact copy of the 18-kb conjugative plasmid Tn916 of Enterococcus faecium (27) , which encodes tetracycline resistance as well as determinants necessary for its own movement, was detected at Ͼ95% identity in GBS isolates 2603V͞R, 515, CJB111, and COH1, suggesting a recent acquisition of this trait.
Genomic Variation in Gene Expression. Phase variation is an important mechanism by which bacteria can modulate their life style and virulence in response to external stimuli, stress conditions, and adaptation to different niches (28) (29) (30) . Such variation occurs by altering the length of short, repeated DNA tracts within or immediately upstream of coding regions (contingency genes), resulting in frame-shifts and affecting protein synthesis. A recent study (31) indicated that an important virulence-associated gene in GBS is regulated by phase variation. With the availability of the genome sequence of multiple strains of GBS, it is possible to identify DNA tracts likely associated with contingency genes and to determine how these repeats vary in the other genomes, allowing direct evaluation of their potential role in phase variation.
Potential phase variation-associated repeats in the form of homopolymeric tracts of nucleotides, as well as dinucleotide, trinucleotide, and polynucleotide repeats, were searched in the 2603V͞R genome (32) . Among the 602 repeats identified, 17 were divergent in at least one of the other GBS genomes (see Table 9 , which is published as supporting information on the PNAS web site). Of the 17 proteins potentially affected by the presence of phase-variable repeats, 11 are predicted to be surface-associated.
Discussion
After sequencing multiple strains of GBS, we found that eight genomes are not enough to identify all genes present in this species, and mathematical modeling made the surprising prediction that even hundreds of genomes might not be sufficient. These findings have implications for pathogenesis, vaccine design, evolution, and the concept of species and suggest that the research strategies for microbial genomes may need to be reconsidered.
The Bacterial Pan-Genome. Regression analysis showed that in the case of GBS and GAS, the bacterial pan-genome is vast because new genes continue to be added to the gene pool of the species any time a new strain is sequenced. In this view, the core genome would then represent only a small fraction of the pan-genome. This theory challenges our concept of limited variability within a bacterial species, as has been suggested recently (33) , and raises the question of whether such large numbers of genes are actually available. More accurate estimates of the size of the pan-genome should be possible once the sequences of a much greater number of GBS genomes become available.
Nevertheless, the prediction of an open pan-genome is not surprising if we consider that sequencing a few hundred liters of water from the Sargasso Sea identified 1.2 million previously unknown genes from 1,800 predicted genomic species (34) and that gastrointestinal microbial flora contains almost 400 different bacterial phylotypes (35) . These results suggest that the environmental gene pool available for inclusion by mechanisms such as horizontal transfer, transposition, and transformation is much larger than previously estimated. Finally, if we consider that there are 10 31 bacteriophages on earth (36), which infect 10 24 bacteria per second, we can imagine that a continuous flow of genetic material occurs between bacteria sharing the same environments. In contrast, species living in restricted environments and lacking mechanisms of gene exchange may have evolved with considerably less variation. An example is the obligate intracellular endosymbiont of aphids, Buchnera aphidicola, in which no chromosome rearrangements or gene acquisitions have occurred in the past 50-70 million years (37) . Other species may have closed pan-genomes because they occupy an isolated niche or have a low capacity to acquire foreign genes. For instance, the pan-genome of B. anthracis can be fully described by four genomes only. Hence, analysis of the pan-genome structure of a pathogen may give important insights into the biology of the species and open new avenues to cure disease.
Serotype Classification Does Not Reflect Genetic Diversity. By comparative analysis of the eight GBS isolates, we conclude that the classical and convenient typing of bacteria on the basis of their capsular polysaccharide composition does not reflect the genetic diversity of the species. In fact, strains belonging to different serotypes can be more closely related than strains of the same serotype. The genetic selection and maintenance of strongly conserved structural motifs in the polysaccharide-repeat units of all nine capsule serotypes, such as the ␣NeupNAc-(233)-Galp, that are required for evasion of host-mediated immune responses are selected independently of other factors driving GBS diversity (38) . Indeed, it has been shown that the horizontal transfer of as little as one gene between two GBS serotypes can lead to seroconversion of the polysaccharide capsule (39) . More surprising is the fact that even other commonly used strain classification methods, such as MLST, do not reflect the real genetic diversity described by the whole genome analysis. These observations may suggest that the attempts to identify more or less virulent lineages on the basis of serotype or core-genome-based methods fail to take into account the variable genome in which many of the virulence-related genes might reside.
Implications for Bacterial Taxonomy. Methods commonly used to define bacterial species (DNA⅐DNA reassociation, 16S rRNA typing, MLST, etc.) rely mostly on features associated with the core genome (40) . Our work confirms that the essence of the species is linked to the core genome. However, the majority of the genetic traits linked to virulence, capsular serotype, adaptation, and antibiotic resistance pertain to the dispensable genome. Therefore, sequencing of multiple strains is necessary to understand the virulence of pathogenic bacteria and to provide a more consistent definition of the species itself. We identified species with an open pan-genome, such as GBS and GAS, and species with a closed pan-genome, such as B. anthracis. Nevertheless, a different interpretation of the same data may lead to the conclusion that the present definition of bacterial species is inconsistent because, in reality, only species with an open pan-genome are species, whereas B. anthracis is not a true genetic species on its own, but only a clone of Bacillus cereus, with very distinctive phenotypic traits provided by the acquisition of the virulence plasmid coding for the anthrax toxin.
Concluding Comment. Our data clearly show that the strategy to sequence one or two genomes per species, which has been used during the first decade of the genomic era, is not sufficient and that multiple strains need to be sequenced to understand the basics of bacterial species. The methods presently used to evaluate the species diversity, such as complete genome hybridization and MLST, can explain only the presence, absence, and variability of the genetic loci that are already known and do not provide information on the genes that are not present in the reference genome. Our work provides a clear demonstration that, by these approaches, we fail to include in the analysis the entire dispensable genome, the size of which can be vastly larger than the core genome. Our work on the protein-based vaccine against GBS has shown that this is not just a theoretical disadvantage but has very important practical consequences because a universal vaccine is possible only by including dispensable genes (8).
We thank Antonello Covacci for help with the pan-genome concept, Robert Janulczyk for help with the phase-variable repeats analysis, and David Rasko and Jacques Ravel for providing access to their unpublished Bacillus sequence data. We also thank Hean Koo, Seth Schobel, and Martin Shumway for sequence data management; Martin Wu for help with phylogeny; and The Institute for Genomic Research (TIGR) information technology and database server groups led by Vadim Sapiro and Michael Heaney, respectively. This work was supported by Chiron Corporation, National Institutes of Health Grants U01-AI50909 (to H.T., A.L.J., and C.E.R.), AI42940 (to M.R.W.), and AI38424 (to L.C.M.), and the Charles Hood Foundation (M.J.C.).
